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TILTED  RESONATOR  EXPERIMENTS  ON 
A  QUASIOPTICAL  GYROTRON 


1.  INTRODUCTION 

There  is  currently  a  need  for  megawatt  average  power  sources  in  the  100-300  GHz 
range  for  electron  cyclotron  heating  (ECH)  of  fusion  plasmas.  For  example,  the  Compact 
Ignition  Tokamah  (CIT)  design^  includes  30  MW  of  280  GHz  radiation  and  the  International 
Thermonuclear  Experimental  Reactor  (ITER)  design^  requires  20  MW  of  140  GHz  rf  power. 
The  leading  candidate  for  such  a  source  is  the  waveguide  cavity  gyrotiou,^  having  produced 
an  output  power  of  940  kW  at  an  efficiency  of  35%  and  a  frequency  of  140  GHz,'^  and  1.2  MW 
at  an  efficiency  of  20%  at  148  GHz®  in  a  continuous- wave  (CW)  relevant  confignrat^/Mi 
Howcvci,  oS  the  frequency  and  power  are  increased,  these  gyrotrons  are  forced  to  use 
more  highly  overmoded  cavities,  larger  collectors,  and  vacuum  output  windows  capable  of 
handhng  the  higher  powers.  The  quasioptical  gyrotron®  (QOG)  is  a  reasonable  alternative 
to  the  cavity  gyrotrons  that  offers  several  advantages.  The  QOG  resonator  is  made  up  of  a 
pair  of  spherical  mirrors  of  small  diameter,  effectively  eliminating  all  but  the  lowest  order 
transverse  mode  via  large  diffraction  losses.  The  mirror  separation  can  be  relatively  large, 
reducing  the  ohmic  heating  density  on  the  mirrors  far  below  that  of  current  continuous- 
wave  (cw)  gyrotrons  and  creating  a  large  interaction  volume  allowing  the  use  of  a  high- 
current,  low  current-density  electron  beam.  This  configuration  also  implies  that  there 
exist  several  longitudinal  modes  within  the  interaction  bandwidth  of  the  device,  making 
multimode  operation  possible.  Multimode  operation  has  been  studied  both  theoretically 
and  numerically^  as  well  as  experimentally.®  In  the  QOG  the  radiation  and  the  electron 
beam  propagate  perpendicular  to  each  other,  allowing  complete  freedom  in  the  design  of  the 
collector.  Implementation  of  a  depressed  collector  for  energy  recovery  of  the  spent  electron 
beam  is  easily  accomplished.®  Frequency  tunability  may  be  accomplished  by  varying  either 
the  electron  beam  energy  or  the  magnetic  field  while  maint2Lining  the  same  output  mode.^° 
A  gaussian  mode  may  be  coupled  out  of  the  resonator  directly  by  replacing  one  of  the 
resonator  mirrors  by  an  appropriately  designed  diffraction  grating  placed  in  the  Littrow 
mount  position.^* 

One  problem  common  to  all  QOG  experiments  performed  to  date  is  the  relatively  low 
efficiency,  particularly  for  single-moded  operation.  This  is  due  in  part  to  the  fact  that 
some  of  the  electrons  in  an  annular  beam  pass  through  the  resonator  on  electric  field  nulls 
of  the  standing  wave  pattern.  These  electrons  cind  those  passing  through  the  resonator 
at  low  electric  fields  do  not  interact  efficiently  with  the  resonator  fields,  causing  the  total 
interaction  efficiency  to  be  degraded  by  approximately  1/3  compared  to  the  case  of  a 
pencil  beam,  where  all  electrons  pass  through  the  resonator  on  a  peak  of  the  standing 
wave.*^  Another  consequence  of  the  variation  in  electron  coupling  is  the  reduction  in  the 
stable  single-mode  operating  region.  One  approach  to  alleviating  this  problem  is  to  tilt  the 
resonator  axis  slightly  with  respect  to  the  plane  perpendicular  to  the  direction  of  electron 
beam  propagation.  The  tilt  should  be  enough  to  ensure  that  aU  electrons  in  the  beam 
pass  through  at  least  one  peak  of  the  standing  wave,  and  is  predicted  to  both  enhance  the 
interaction  efficiency  and  to  greatly  increase  the  par2uneter  range  of  stable,  single-mode 
operation.*®  This  approach  has  been  tested  experimentally  and  is  the  subject  of  this  paper. 

The  remainder  of  the  paper  is  organized  as  follows.  The  theory  which  molivates  the 
experiment  is  described  in  Section  II  with  multimode  numerical  results  presented  in  Sec- 
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Figure  1;  Stability  boundary  for  single-mode  operation  with  a  pencil  electron  beam  with 
fj.  =  10.  The  solid  and  dotted  lines  correspond  to  To  =  10  and  50,  respectively. 

tion  III.  The  experimental  setup  is  given  in  Section  IV  and  the  results  are  reported  in 
Section  V.  Section  VI  includes  a  discussion  of  the  results  as  well  as  a  comparison  to  theory, 
with  some  conclusions  presented  in  Section  VII. 

11.  SINGLE-MODE  RESULTS 

The  extension  of  the  single-mode  equations  of  motion  to  include  a  small  tilt  angle 
have  been  described  in  detail  elsewhere,^^  Single-mode  operation  is  desirable  for  many 
apphcations,  but  is  not  guaranteed  due  to  the  large  number  of  resonator  modes  within  the 
interaction  bandwidth  of  the  QOG.  Therefore,  it  is  important  to  study  the  stability  of  the 
QOG  resonator  operating  in  a  single  mode.  This  too  has  been  done,'^  and  the  results  of 
the  analysis  are  presented  here.  The  region  of  stable,  single-mode  operation  is  shown  in 
Fig.  1  as  the  area  labeled  S  within  the  solid  curve.  This  calculation  is  for  a  pencil  electron 
beam  and  an  untilted  resonator.  Level  curves  of  perpendicular  efficiency  are  plotted 
and  reach  60%,  where  the  total  efficiency  is  related  to  the  perpendicular  efficiency  via 

’I  =  [^i/2  (l  -  7'^)]  »?x  (1) 

where  fix  is  the  electron  velocity  perpendicular  to  the  magnetic  field  divided  by  the  velocity 
of  light  and  7  is  the  electron  relativistic  factor  prior  to  the  interaction.  Also  plotted  in  the 
figure  are  curves  of  constant  normalized  current  x  =  f/fst  where  I  is  the  electron  beam 
current,  is  the  minimum  threshold  current,  minimized  over  all  values  of  magnetic  field 
detuning  6.  The  normalized  magnetic  field  detuning,  electric  field  (t)  and  interaction  length 
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where  u  is  the  angular  frequency  of  the  radiation,  ft  is  the  nonrelativistic  electron  cyclotron 
frequency,  Wo  is  the  radiation  waist  radius,  is  the  electrons  velocity  parallel  to  the  apphed 
magnetic  field,  /3||  =  Uj/c,  c  is  the  velocity  of  light,  F  is  the  peak  electric  field  in  the 
resonator,  B  is  the  applied  magnetic  field  strength,  A  is  the  wavelength  of  the  radiation, 
and  F  and  A  are  the  normalized  electric  field  and  detuning  pcirameters  defined  in  the 
literature.^^  The  solid  and  dashed  stability  boundaries  in  Fig.  1  correspond  to  differenl 
values  of  the  normalized  spectral  width  {T~^)  of  the  resonator  where  To  =  2dvil  [woc]  and 
d  is  the  resonator  mirror  separatio  i. 

An  annular  electron  beam  rather  than  a  pencil  beam  was  used  in  the  experiments 
described  here  due  to  its  availability  and  high-power  capability.  Unfortunately,  the  region 
of  stable,  single-mode  operation  decreases  dramatically  when  an  annular  electron  beam  is 
used  in  place  of  the  pencil  beam,  as  can  be  seen  in  Fig.  2.  The  reason  for  this  is  that  when 
the  pencil  beam  is  placed  on  the  electric  field  peak  of  a  given  mode,  the  beam  then  couples 
equally  to  all  modes  having  the  same  parity.  Further,  it  does  not  couple  at  all  to  modes  of 
the  opposite  parity.  Since  the  beam  couples  equally  well  to  the  dominant  mode  and  each 
of  the  modes  that  needs  to  be  suppressed,  the  suppression  by  the  dominant  mode  can  be 
very  effective.  This  is  no  longer  the  case  when  an  annular  electron  beam  having  a  diameter 
greater  than  A/2  is  used.  Now  the  electrons  that  are  on  the  electric  field  peak  of  the 
desired  mode  interact  as  in  a  pencil  beam,  but  there  are  aJso  electrons  passing  through  the 
resonator  on  the  null  of  the  standing  wave  pattern  of  the  desired  mode  and  do  not  interact 
with  it.  However,  these  electrons  are  located  on  the  electric  field  peak  of  the  modes  of 
opposite  parity  and  are  free  to  interact  strongly  with  those  modes.  This  is  the  reason  that 
it  is  more  difficult  for  the  desired  mode  to  suppress  the  growth  of  undesired  modes  when 
an  annular  electron  beam  is  used.  From  Fig.  2  it  is  also  evident  that  the  use  of  an  annular 
beam  implies  that  the  parameters  for  optimum  efficiency  operation  lie  outside  the  region  of 
stable  single-mode  operation.  It  should  be  noted  that  the  efficiencies  shown  in  these  figures 
were  calculated  assuming  a  single  mode  in  the  resonator  and  are  not  strictly  valid  outside 
the  single-mode  stability  region.  Outside  this  region  the  effects  of  multiple  modes  in  the 
resonator  should  be  included. 

The  size  of  the  stability  region  may  be  increased  by  simply  tilting  the  resonator  axis 
by  a  small  angle  (6)  with  respect  to  the  plane  perpendicular  to  the  magnetic  field.  This 
effect  is  demonstrated  in  Fig.  3  where  the  normaUzed  resonator  tilt  angle  is  O'  —  kwoO  and 
k  =  2ir/X  is  the  wave  number  of  the  radiation.  As  can  be  seen,  the  peak  efficiency  is  again 
inside  the  stable,  single-mode  operating  region  and  perpendicular  efficiencies  in  excess  of 
50%  are  predicted.  Insight  into  the  effectiveness  of  such  a  small  tilt  angle  can  be  gained 
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Figure  2:  Stability  boundary  for  single-mode  operation  with  an  annular  electron  beam 
{kr„  —  4.0,  r„  is  the  beam  radius)  with  /x  =  10  and  To  =  10. 
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Figure  3;  Stability  boundary  for  single-mode  operation  with  an  annular  electron  beam 
{kr^  =  4.0)  in  a  tilted  resonator  with  p  =  10,  ^'  =  1.0  and  To  =  10. 
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Figure  3;  Stability  boundary  for  single-mode  operation  with  an  annular  electron  beam 
[kvo  =  4.0)  in  a  tilted  resonator  with  fj.  =  10,  6'  =  1.0  and  To  —  10. 
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Figure  4:  The  electric  field  experienced  by  an  electron  in  an  untilted  resonaior  (Mdid 
curve)  and  a  resonator  tilted  2°  (dashed  curve).  The  positions  of  the  electrons  relative  to 
the  electric  field  peak  of  a  single  resonator  mode  is  y  =  0  (a),  A/12  (b),  A/6  (c),  A/4  (d). 

by  understanding  the  electric  field  that  each  electron  experiences  as  it  passes  through  the 
resonator.  The  steady-state  electric  field  of  a  single  mode  in  the  resonator  is'^ 

E(i,y,2,t)  =  xhoexp  [- (i*  +  /iCoj  cos  [/:  (y  -  9z)]co<=  (cjO  .  (5) 

This  electric  field  is  plotted  in  Fig.  4  for  different  y  positions  in  both  a  tilted  (&  ~  2°) 
and  an  untilted  resonator.  Two  features  are  important  here.  Fi^st,  the  electrons  in  the 
untilted  resonator  see  simple  gaussian  profiles  with  the  peak  amplitude  decreasing  to  zero 
as  the  electrons  guiding  center  moves  toward  the  null  of  the  resonator  mode.  In  the  tilted 
resonator,  however,  each  of  the  electrons  pass  through  regions  of  relatively  high  electric  field 
and  thus  has  the  opportunity  to  interact  efficiently  with  each  mode  in  the  resonator.  Eacli 
electron  interacts  strongly  with  all  of  the  resonator  modes,  making  suppression  of  undesired 
modes  by  the  main  mode  relatively  effective,  increasing  the  size  of  the  single-mode  stability 
region.  The  second  feature  is  that  the  effective  interaction  length  in  the  tilted  resonator  i.^ 
somewhat  smaller  than  in  the  untilted  resonator,  and  the  different  electrons  in  the  tiltt'd 
resonator  experience  varying  amounts  cf  a  double  peaked  electric  field.  The  double  pi  akcd 
electric  field  is  similar  to  that  in  a  cavity  gyrotron  operating  with  an  axial  mode  numlier  ui 
two,  and  is  consistent  with  the  need  for  the  tilted  resonator  to  operate  with  larger  valuo 
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of  the  detuning  parameter  S. 


III.  .  UMERICAL  RESULTS 

The  resonator  used  in  the  experiments  describeo  here  was  highly  overmoded,  necessi¬ 
tating  the  use  of  a  theory  that  includes  the  effects  of  multiple  resonator  modes.  The  basic 
model  used  in  the  time-dependent,  multimode  simulations  has  been  described  elsewhere''^ 
but  has  been  enhanced  to  better  model  the  actual  experiment.  The.se  enhancements  include 
the  finite  rise  time  of  the  voltage  waveform  and  its  ripple  on  the  ‘flat  top,'  the  variation 
of  the  longitudinal  velocity  with  position  in  the  resonator  due  to  space  charge  depression, 
and  the  nonuniform  magnetic  field  produced  by  the  magnet  used  in  the  experiment. 

The  rise  of  the  voltage  pulse  was  simulated  with  a  hnear  increase  of  the  electron  ein^rgy 
from  1/2  of  the  final  value  up  to  its  flat-top  value.  The  neglect  of  electron  energies  less 
than  1/2  of  the  final  value  is  justified  because  they  are  far  from  resonance  with  the  final 
modes  in  the  resonator.  The  energy  rise  occurred  over  a  period  of  2  psec  in  the  simulation, 
representing  the  10-90^ii  rise  time  of  4  psec  in  the  experiment. 

The  voltage  pulse  produced  by  the  modulator  had  a  peak-to-peak  voltage  ripple  of 
±1.5%  during  the  ‘flat  top'.  The  period  of  the  ripple  was  2psec.  This  variation  was 
incorporated  directly  into  the  numerical  simulations. 

The  variation  of  the  electron's  velocity  component  parallel  to  the  magnetic  held  iU||  ) 
with  position  (along  the  magnetic  field  axis)  in  the  resonator  (0  due  to  spact'-charge 
depression  is  modeled  as 


U||  = 


(0) 


where  AV'/Vq  is  the  voltage  depression  parameter. 

The  magnet  used  in  the  experiment  produced  a  nonuniform  field  in  the  resonator  due  to 
the  magnet's  coils  being  separated  slightly  more  than  in  a  Helmholtz  configuration.  1  his 
was  necessary  to  maximize  the  clearance  in  the  cross-bore  of  the  magnet  and  allow  the 
radiation  produced  to  freely  propagate  out  of  the  vacuum  dewar.  The  magnetic  held  in  the 
interaction  region  was  well  approximated  by  assuming  a  quadratic  dependence  to  the  field. 

The  goaJ  of  the  numerical  simulations  was  to  model  the  experiment  as  accurately  as 
possible.  Accordingly,  the  actual  voltage  and  current  measured  in  the  experiment  were 
used  for  the  different  simulation  points.  Also,  the  q  values  used  were  based  on  numerical 
simulations  of  the  electron  gun.  Other  parameters  used  in  the  simulation  were  also  tho.se 
of  the  experiment  and  are  listed  in  Table  I. 

An  example  of  the  time  history  of  the  mode  amplitudes  is  shown  in  Fig.  5.  The  voltage 
was  108  kV  and  the  current  was  30  A.  The  final  detuning  of  the  zero-mode  (e.g.,  the  obiter 
mode  in  the  simulation)  was  6  =  4.0.  The  q  value  assumed  for  the  electron  beam  was  1.3 
and  the  voltage  depression  parameter  AV'/Vk  was  7%. 

The  sensitivity  of  the  simulation  to  the  final  value  of  the  zero-mode  detuning  (<‘!,,)  wius 
tested  by  repeating  the  calculations  with  =  4.2  and  4.4.  Due  to  the  uniform  spacing  of 
the  modes  in  the  Fabry-Perot  resonator  it  is  only  nec.essary  to  vary  6^  by  amounts  less  than 
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TIME  (ns) 

Figure  6:  The  evolution  of  the  mode  amplitudes  calculated  in  the  numerical  simulation. 
The  pajameters  are  identical  to  those  of  Fig.  5  except  that  6^  =  4.2. 

2tt/To  which  is  approximately  1/2  for  our  experiment.*®  As  can  be  seen  from  Fig.  6  and 
Fig.  7,  changing  the  zero-mode  detuning  has  a  significant  effect  on  the  time  evolution  of 
the  mode  amplitudes.  This  is  due  to  the  fact  that  the  current  is  such  that  it  passes  close  to 
the  stability  boundary.*®  Therefore,  small  changes  in  the  detuning  could  bring  the  gyrotron 
to  operate  in  a  single  mode  (if  the  final  state  is  inside  the  stable  region),  or  operation  could 
be  multimoded  (if  the  final  state  is  outside  the  stable  region).  An  additional  complication 
is  introduced  by  the  ±1.5%  voltage  ripple,  which  translates  into  a  detuning  variation  of 
0  4.  The  average  efficiency  computed  during  the  flat  top  of  the  voltage  pulse  was  25.8%, 
20.3%,  and  22.7%  for  =  4.0,  4.2,  and  4.4  respectively. 

Sensitivity  of  the  simulation  to  the  space  charge  depression  parameter  AVfVo  was  tested 
at  the  higher  currents.  The  largest  change  observed  W2is  at  a  current  of  55  A  where  values 
of  1 1%  and  16%  were  used  for  AV/Vo-  In  this  case  the  average  efficiency  during  the  voltage 
pulse  flat  top  decreased  from  22.4%  to  20.6%  when  the  space  charge  depression  parameter 
was  increased.  Similar  variations  in  this  parameter  were  applied  at  each  current  value 
simulated  above  40  A,  with  the  lower  value  of  the  parameter  being  the  value  predicted  by 
an  analytic  theory.® 

IV.  DESCRIPTION  OF  EXPERIMENT 

A  QOG  experiment  designed  to  produce  0.5  MW  of  rf  radiation  at  a  frequency  of 
120  GHz  has  been  assembled  at  NRL.  A  brief  description  of  the  experiment  is  presented 
here,  with  the  design  equations***  and  a  more  detailed  experiment  description*®  presented 
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Figure  7:  The  evolution  of  the  mode  amplitudes  calculated  in  the  numerical  simulation. 
The  parameters  are  identical  to  those  of  Fig.  5  except  that  6^  =  4.4. 

elsewhere.  A  schematic  diagram  of  the  experiment  is  shown  in  Fig.  8.  The  gyrating  electron 
beam  is  generated  by  a  magnetron  injection  gun  located  below  and  in  the  fringing  magnetic 
field  of  the  superconducting  magnet.  The  beam  propagates  up  through  the  drift  tube,  across 
the  open  resonator,  through  the  uptaper,  and  is  finally  absorbed  in  the  collector,  located 
above  the  magnet  dewar.  A  low-field  trim  coil  is  located  just  below  the  collector  to  prevent 
the  beam  electrons  from  expanding  too  rapidly  and  being  collected  prior  to  reaching  the 
collector.  The  microwave  fields  interact  with  the  electron  beam  in  the  open  region  between 
the  drift  tube  and  the  tip  of  the  uptaper.  The  resonator  axis  in  this  experiment  was  tilted 
by  2°  with  respect  to  the  plane  perpendicular  to  the  electron  beam  axis,  as  indicated  in 
Fig.  9.  The  microwave  power  diffracted  around  each  mirror  is  collected  as  output  and 
propagated  through  thin  mylar  windows  out  of  the  V2icuum  enclosure.  Typical  parameters 
of  the  experiment  are  given  in  Table  II. 

The  Varian  VUW-8144  electron  gun‘^  used  in  this  experiment  was  originally  designed  for 
use  in  the  MIT  megawatt  g3Totron  program.*®  Due  to  the  relative  insensitivity  of  the  QOG 
to  the  electron  beam  radius,  the  emitter  could  be  placed  in  the  magnetic  field  necessary  for 
high  perpendicular  to  parallel  velocity  ratios  (a)  in  the  resonator.  Simulation  of  the  beam 
electrons  was  accomplished  using  a  standard  trajectory- tracing  code,*®  which  indicated  that 
achievable  values  of  average  q  .anged  from  1.8  with  a  spread  (standard  deviation  in  o)  of 
13%  at  low  currents  to  1.3  with  a  spread  of  23%  at  50  A.  The  simulations  indicated  that 
reasonable  gun  performance  could  be  obtained  with  the  emitter  placed  in  a  magnetic  field 
yielding  a  compression  ratio  of  24.  In  this  position,  the  beam  in  the  cavity  had  a  mean 
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Table  II:  Typical  parameters  of  the  NRL  QOG  experiment. 


Frequency  (/) 

120  GHz 

Electron  Energy 

112  keV 

Electron  Current 

50  A 

Mirror  Diameter  (2a) 

4.5  cm 

Radius  of  Curvature  (Rc) 

38.7  cm 

Mirror  Separation  (d) 

21.2  cm 

Longitudinal  Mode  Spacing  (a/ //) 

0.59% 

Radiation  Waist  Radius  (tao) 

1.17  cm 

Electron  Beam  Radius 

5.6  mm 

Electron  Beam  Thickness 

0.5  mm 

Normalized  Interaction  Length  (p) 

12 

Output  Coupling  (T,  round  trip) 

3.1% 

Diffraction  Quality  Factor  (Qa) 

34,850 

Ohmic  Quality  Factor  (Qo) 

438,000 

Total  Quality  Factor  (Q) 

32,280 

Normalized  Electric  Field  (F) 

0.13 

Output  Power 

430  kW 

Peak  Ohmic  Heating  Density 

5.4  kW/cm^ 

Total  Ohmic  Power  (per  mirror) 

15.6  kW 

Number  of  Interacting  Modes 

Figure  8;  Schematic  diagram  of  the  NRL  QOG  experiment. 


Figure  9:  Orientation  of  the  resonator  and  electron  beam  ajces. 

radius  of  0.56  cm  and  a  thickness  of  0.05  cm. 

The  electron  gun  has  been  operated  at  voltages  up  to  110  kV  tind  currents  up  to  65  A, 
driven  by  a  modulator  producing  13  fisec  voltage  pulses.  The  10-90%  rise  time  and  the 
90-10%  fall  times  were  approximately  4  //sec  each  and  there  was  approximately  ±1.8% 
ripple  on  the  voltage  flat  top.  With  the  magnetic  field  and  cathode  voltage  fixed,  the  beam 
a  could  be  varied  by  changing  the  voltage  applied  to  the  intermediate  anode  of  the  gun. 
The  ratio  of  intermediate  anode  voltage  to  cathode  voltage  (Vint/Kat)  was  set  by  a  voltage 
divider  and  varied  in  the  experiment  from  0.63  to  0.68.  At  low  ratios,  corresponding  to 
large  electric  fields  at  the  cathode,  gun  simulations  predicted  total  reflection  of  the  electron 
beam.  Experimentally,  the  beam  did  propagate,  however,  the  current  diagnostics  for  the 
collector,  drift  tube,  uptaper,  and  intermediate  anode  became  very  noisy.  To  understand 
this  anomaly,  one  must  understand  the  differences  between  the  gun  simulations  and  the 
experiment.  The  simulations  assume  a  steady  state,  with  the  gun  voltages  already  applied 
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and  the  current  at  the  final  value.  In  the  experiment,  the  electron  gun  voltages  are  pulsed 
on,  with  a  rise  time  of  approximately  4  /xsec.  The  electron  beam  current  rise  time  is 
somewhat  faster,  approximately  2  /xsec,  due  to  the  emission  being  temperature  limited.  As 
the  electron  gun  voltage  is  pulsed  on,  both  the  intermediate  anode  and  the  cathode  voltage 
rise  with  their  ratio  remaining  constant.  At  lower  voltages,  the  current  is  predicted  by  the 
simulations  to  propagate,  reflecting  only  when  the  voltage  rises  at  e  a  threshold  value.  It 
is  possible  that  some  of  the  electrons  are  reflected  back  toward  the  electron  gun  during  the 
rise  of  the  voltage  pulse,  creating  a  charge  density  great  enough  to  shield  out  some  portion 
of  the  intermediate  anode  voltage  at  the  cathode.  If  the  electric  field  at  the  cathode  is 
depressed  enough,  the  transverse  velocity  will  be  reduced  (v±  a  £’cathode/-Scathode)  to  the 
point  that  reflection  does  not  occur  and  the  electron  beam  will  again  be  able  to  propagate 
to  the  resonator.  The  large  noise  associated  with  this  phenomena  may  be  due  to  the  space 
charge  cloud  formed  by  reflexing  electrons  and  associated  instabilities. 

V.  EXPERIMENTAL  RESULTS 

A  large  volume  of  data  was  collected  over  a  period  of  several  months;  the  most  significant 
of  which  is  presented  here.  The  magnetic  field  was  set  at  4.7  T  at  the  center  of  the  resonator 
and  data  was  obtained  for  tapers  of  -2%,  0%,  and  +2%.  The  best  results  were  obtained 
with  a  taper  of  -2%,  i.e.,  the  magnetic  field  tapered  from  1%  greater  2.4  cm  closer  to  the 
electron  gun  to  a  value  1%  lower  2.4  cm  closer  to  the  collector.  For  each  value  of  current, 
the  cathode  voltage  was  varied,  producing  data  at  several  different  gun  voltages.  Typically, 
for  a  given  intermediate  anode  voltage  divider  setting  and  current,  there  is  a  single  electron 
gun  voltage  which  produced  the  highest  efficiency  and  this  is  the  data  point  reported  here. 
Data  of  this  type  was  collected  for  a  single  resonator  tilted  at  an  angle  of  2°  and  compared 
to  similar  data  taken  with  the  same  resonator  untilted  (tilt  angle  of  0°). 

The  output  power  of  the  tilted  resonator  is  plotted  as  a  function  of  electron  beam  current 
in  Fig.  10.  The  magnetic  field  taper  for  this  data  was  -2%.  The  output  power  reached  a 
level  of  597  kW,  a  record  for  quasioptical  gyrotrons,  at  a  gun  voltage  of  110  kV  and  a 
current  of  65  A.  The  output  power  was  calculated  by  dividing  the  average  power  measured 
by  a  modified  laser  calorimeter  by  the  voltage  flat-top  pulse  width  and  the  repetition  rate. 
The  calorimeter  power  was  corrected  for  the  finite  absorptivity  (95%)  of  the  calorimeter, 
but  no  corrections  for  window,  waveguide,  or  other  losses  were  included.  The  efficiency  of 
this  data  was  calculated  by  dividing  the  output  power  by  the  gun  voltage  and  the  current 
passing  through  the  resonator,  amd  is  plotted  in  Fig.  11.  The  peak  efficiency  of  12.3%  was 
reached  at  a  voltage  of  87  kV  and  a  current  of  14  A,  and  the  eflficiency  dropped  to  nearly  8% 
at  the  highest  output  powers.  As  the  current  was  increased,  the  gun  voltage  for  optimum 
efficiency  also  increased,  as  shown  in  Fig.  12.  Part  of  this  increase  in  voltage  is  necessary  to 
offset  the  increaised  voltage  depression  of  the  electron  beam  due  to  increased  space  charge 
as  the  current  is  raised. 

By  decreasing  the  voltage  slightly  from  its  optimum  the  resonator  could  be  made  to 
operate  in  a  single  mode;  however,  the  interaction  efficiency  was  somewhat  reduced.  The 
power  and  efficiency  of  operation  in  a  single  mode  is  shown  in  Fig.  13.  Experimentally, 
we  define  single-mode  operation  as  operation  with  all  modes  at  least  10  dB  lower  in  power 
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Figure  10;  Output  power  as  a  function  of  electron  beam  current  in  the  NRL  quasioptical 
gyrotron  experiment  with  the  resonator  tilted  2°. 


Figure  11:  Output  efficiency  as  a  function  of  current  for  the  data  shown  in  Fig.  10. 
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Figure  12: 
Fig.  10. 
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Figure  13:  Power  (triangles)  and  efficiency  (circles)  as  a  function  of  electron  beam  current 
of  the  QOG  operating  in  a  single  mode. 
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Figure  14:  Frequency  spectrum  of  the  QOG  output  during  operation  at  500  kW.  The 
frequencies  have  been  identified  by  their  longitudinal  mode  number  in  the  resonator. 

than  the  main  mode.  The  data  at  32  A  in  Fig.  13  indicate  a  data  point  where  the  second 
most  powerful  mode  is  only  8-10  dB  lower  in  power  than  the  principal  mode.  Some  data 
was  taken  between  20  and  30  A,  but  single-mode  operation  was  not  obtained,  possibly  due 
to  difficulties  in  tuning  the  modulator  to  produce  a  flat,  low-ripple  voltage  waveform.  The 
mode  spectrum  does  not  become  excessively  dense  as  the  output  power  is  increased,  eis 
can  be  seen  in  Fig.  14.  In  this  case,  the  output  power  was  500  kW  and  the  second  most 
powerful  mode  is  5  dB  less  powerful  than  the  main  mode. 

VI.  DISCUSSION 

The  efficiency  of  operation  of  the  tilted  and  the  untilted  resonators  are  compared  in 
Fig.  15.  As  can  be  seen,  there  is  a  small  difference  at  low  currents,  but  from  the  peak 
of  the  efficiency  up  to  the  maximum  current,  there  is  no  discernible  difference  between 
the  tilted  and  untilted  resonator  performance.  Theoretically,  the  peak  efficiency  was  not 
expected  to  rise  significantly  when  the  resonator  was  tilted,  but  the  current  at  which  the 
peak  efficiency  occurred  was  expected  to  rise  approximately  10%.  This  small  rise  may 
actually  have  occurred  but  been  beyond  the  resolution  of  the  data  plotted.  However,  the 
output  mode  spectrum  of  the  tilted  resonator  was  expected  to  be  single  moded  to  much 
higher  currents,  and  the  peak  efficiency  was  expected  to  be  in  the  stable,  single-mode 
operating  region. 

As  can  be  seen  in  Fig.  16,  the  efficiency  of  single- mode  operation  was  somewhat  lower 
than  that  of  multimode  operation  for  the  tilted  resonator.  This  figure  should  L  ..  ....iiiparcd 
to  experimental  results  of  single-  and  multimode  operation  of  an  otherwise  identical,  but 
untilted,  resonator.  Unfortunately,  during  the  operation  of  the  untilted  resonator  experi¬ 
ment,  the  frequency  diagnostics  were  unavailable.  A  somewhat  less  vafid  comparison  can  be 
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Figure  15:  Efficiency  as  a  function  of  electron  beam  current  with  the  resonator  tilted  2° 
(triangles)  and  the  resonator  untilted  (circles). 


Figure  16:  The  experimental  efficiency  for  single-mode  (circles)  and  multimode  (triangles) 
operation  with  a  tilted  resonator  as  a  function  of  electron  beam  current. 
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Figure  17:  The  experimental  efficiency  for  single-mode  (circles)  and  multimode  (triangles) 
operation  of  an  earlier  QOG  experiment*’  with  an  untilted  resonator  as  a  function  of 
electron  beam  current. 


made  with  data  taken  during  an  earlier  experiment®’  ^  that  utilized  a  less  powerful  electron 
gun  and  a  resonator  with  correspondingly  lower  output  coupling.  The  separation  of  the 
resonator  mirrors  was  approximately  the  same  in  the  both  experiments.  The  efficiencies  of 
single-  and  multimode  operation  of  the  earlier  (untilted  resonator)  experiment  are  shown  in 
Fig.  17.  It  is  evident  from  Figs.  16  and  17  that  the  tilting  of  the  resonator  was  successful  in 
bringing  the  single- mode  efficiency  closer  to  the  efficiency  of  multimode  operation,  but  that 
the  multimode  regime  results  in  the  highest  efficiency  for  both  the  tilted  and  the  untilted 
resonators. 

A  possible  interpretation  of  these  experimental  results  is  the  following.  An  untilted 
resonator  hcis  many  electrons  passing  through  (or  near)  nulls  of  the  standing  electric  field 
in  the  resonator.  These  electrons  do  not  contribute  to  the  beam-wave  interaction  and  hence, 
their  presence  lowers  the  operating  efficiency.  Anything  which  malies  all  of  the  electrons 
interact  strongly  with  the  resonator  fields  will  raise  the  efficiency.  A  multimode  spectrum 
in  the  resonator  will  have  this  effect;  each  electron  will  see  nearly  the  same  time-averaged 
electric  field.  This  is  a  possible  explanation  of  the  fact  that  the  single-mode  efficiency 
is  so  much  lower  than  the  multimode  efficiency  in  the  earlier  experiment.®’  “  Tilting  the 
resonator  axis  will  have  much  the  same  effect  on  the  efficiency  as  multimode  operation  in 
that  it  allows  each  electron  to  interact  with  a  large  amphtude  electric  field  in  the  resonator, 
even  during  single-mode  operation.  Additionally  operating  in  the  multimode  regime  with 
a  tilted  resonator  may  not  affect  the  efficiency  much,  as  is  evidenced  by  the  fact  that  the 
single-mode  and  multimode  efficiencies  measured  in  the  tilted  resonator  experiment  are 
much  closer  in  value  than  in  the  untilted  resonator  experiment.  Thus,  tilting  the  resonator 
axis  is  successful  in  bringing  the  single-mode  efficiency  nearly  up  to  the  multimode  efficiency 
level.  However,  it  is  not  successful  in  raising  either  the  single- mode  or  the  multimode 
efficiency  up  to  the  theoretically  predicted  value. 
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Figure  18:  The  experimental  efficiency  (triangles)  and  the  efficiency  calculated  in  the  nu¬ 
merical  simulations  (circles)  as  a  function  of  electron  beam  current.  The  variation  of  the 
efficiency  calculated  in  the  simulations  at  30  A  is  due  to  using  different  values  of  the  zero¬ 
mode  detuning  parameter  6c,.  The  different  efficiencies  produced  by  the  simulations  at 
higher  currents  were  due  to  using  different  values  of  the  space  charge  depression  parameter 
AVIV,. 

As  many  of  the  experimental  features  were  included  in  the  numerical  simulations  as 
possible.  Features  not  included  were  the  spread  in  the  electron  beam  q  and  the  full  rise 
and  fail  of  the  voltage  pulse.  As  noted  above,  the  first  half  of  the  voltage  rise  is  not  expected 
to  be  important,  and  it  was  not  feasible  to  include  a  spread  in  beam  a  due  to  the  added 
length  of  the  computation.  The  effect  of  beam  o  spread  was  examined  separately  with  a 
single-mode  computation*'  where  it  was  found  that  a  RMS  spread  of  ±35%  about  a  mean 
o  of  1.93  did  not  significantly  affect  the  output  efficiency.  The  spread  in  beam  q  in  the 
experiment  is  expected  to  be  somewhat  less  than  the  value  of  35%  used  in  the  simulation. 
The  effi.;iency  in  the  simulation  was  calculated  by  averaging  the  instantaneous  efficiency 
O'er  the  time  of  the  flat-top  of  the  voltage  pulse  and  is  plotted  with  the  experimental 
efficiency  in  Fig.  18.  The  three  theoretical  points  at  30  A  were  obtained  by  varying  the 
zero-mode  detuning  (^o)  as  noted  above.  The  multiple  points  at  single  current  values 
above  40  A  were  obtauned  by  varying  the  space  charge  depression  parameter  (AV/Vq).  For 
example,  at  50  A  the  values  of  11%  and  14%  were  used  for  AVJV,.  Similar  values  were 
used  for  the  other  points,  with  the  lower  value  predicted  by  an  analytic  model®  using  the 
experimental  paraimeters.  Higher  values  of  the  space  charge  depression  parameter  resulted 
in  lower  calculated  efficiencies  in  all  cases. 

Several  possible  explanations  exist  for  the  discrepancy  between  the  experimental  results 
and  the  multimode  calculations.  One  possibility  is  that  the  resonator  modes  are  higher- 
order  transverse  modes,  for  instance  the  TEMo,i  mode.  Although  this  mode  has  higher 
diffraction  losses  than  the  fundamental  TEMo.o  mode,  it  has  better  coupling  to  the  electron 
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beam  since  its  fields  are  more  concentrated  along  the  path  of  the  beam.  Initial  stability 
calculations  indicate  that  when  both  fundamental  md  higher  order  modes  are  present, 
the  TEMo,i  mode  is  suppressed  by  the  fundamental  TEMq.o  mode.^'  A  second  possibility 
is  that  some  second  harmonic  radiation  grows  in  the  resonator  and  affects  the  interaction 
between  the  electron  beam  and  the  fundamental  mode.  Second  harmonic  radiation  has  been 
observed  in  QOG  experiments  performed  elsewhere, but  was  not  seen  in  the  experiments 
described  here  despite  an  effort  to  measure  it.  Another  possibility  is  that  the  quality  of  the 
electron  beam  is  much  worse  than  predicted  by  the  electron  gun  design  codes  used.  There 
is  some  evidence  of  this  in  cavity  gyrotrons,  where  beam  ’’agnostic  experiments  are  being 
performed  on  similar  electron  guns.^^  Finally,  it  is  possible  that  the  electron  beam  is  driving 
oscillations  in  the  beam  transport  system  before  reaching  the  resonator,  bunching  the  beam 
and  adding  a  large  energy  spread.^*  Attempts  have  been  made  to  measure  radiation  leaking 
out  of  the  system  through  the  bottom  of  the  electron  gun,  but  no  power  has  been  observed. 

These  questions  will  be  answered  in  an  experiment  currently  being  designed. A 
prebunching  resonator  will  be  added  to  the  system  to  form  a  quasioptical  gyroklystron.  The 
prebunching  resonator  will  be  inserted  into  the  current  electron  beam  transport  system, 
essentially  adding  a  diagnostic  port  for  observation  of  unwanted  oscillations.  Additional 
information  about  the  quality  of  the  beam  will  be  gained  by  measuring  the  threshold  current 
for  oscillation  in  the  prebunching  resonator.  Capacitive  probes  will  also  be  added  to  the 
beam  transport  system  to  measure  the  average  a  value  of  the  electron  beam.  A  second 
modification  of  the  experiment  will  increase  the  mirror  separation  to  approximately  95  cm. 
This  will  place  the  resonator  mirrors  at  the  vacuum  windows,  allowing  the  radiation  to 
propagate  freely  out  of  the  vacuum  (e.g.  without  reflection)  so  that  the  radiation  pattern 
can  be  directly  measured.  This  measurement  should  allow  one  to  determine  the  mode 
operating  in  the  resonator.  The  larger  mirror  separation  wiU  also  allow  the  insertion  into 
the  resonator  of  a  thin  dielectric  to  act  as  a  beam  sphtter  and  reflect  a  small  amount  of  the 
radiation  out  of  the  vacuum  system,  enabling  the  radiation  pattern  within  the  resonator 
to  be  measured.  In  particular,  any  sizable  amount  of  second  harmonic  radiation  should  be 
observable. 

vn.  CONCLUSIONS 

A  QOG  experiment  hac  been  performed  with  a  resonator  tilted  by  2°  relative  to  the 
plane  perpendicular  to  the  magnetic  field  in  the  resonator.  The  efficiency  of  operation  of 
the  tilted  and  untilted  resonators  was  shghtly  different  at  currents  below  that  for  optimum 
efficiency,  but  were  virtually  identical  at  currents  above  the  peak  efficiency.  The  tilted 
resonator  could  be  operated  in  a  single  mode  over  a  relatively  large  range  of  currents,  but 
only  by  lowering  the  electron  gun  voltage  and  operating  at  a  reduced  efficiency.  However, 
this  reduced  efficiency  is  much  closer  to  the  optimum  multimode  efficiency  than  the  single¬ 
mode  efficiency  of  an  untilted  resonator  is  to  its  corresponding  multimode  efficiency. 

The  tilted  resonator  prod’jced  »  rnaximum  power  of  597  kW  at  an  efficiency  of  8.3% 
and  a  frequency  of  120  GHz.  The  peak  efficiency  of  12.3%  occurred  at  an  output  power 
of  150  kW.  These  efficiencies  are  a  factor  of  2-3  lower  than  those  predicted  by  multimode 
simulations  including  the  experimental  realities  of  finite  voltage  rise  time,  voltage  ripple, 
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variation  of  the  longitudinaJ  velocity  of  the  electrons  due  to  space  charge  depression,  and 
the  nonuniform  magnetic  field.  Possible  explanations  of  this  difference  include  much  larger 
electron  beam  velocity  spreads  than  predicted  by  the  standard  design  tools,  large  energy 
spread  due  to  oscillations  in  the  beam  transport  system,  operation  of  a  higher-order  trans¬ 
verse  mode  in  the  resonator,  and  operation  of  the  second  harmonic  in  the  resonator.  An 
experiment  designed  to  address  each  of  these  problems  is  currently  being  designed. 
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